B lymphocyte precursor cells are ultrasensitive to DNA damage induced by irradiation and drugs and die by apoptosis at very low levels of exposure. Previous studies have shown that this high level sensitivity is p53-dependent, associated with very low level expression of Bcl-2 protein and can be reversed by expression of a bcl-2 transgene. We show here that transition from the pro-B to pre-B and then mature B cell stages of murine lymphopoiesis is accompanied by changes in proliferating cells in sensitivity to X-irradiation induced apoptosis and that this is paralleled by variation in the ratio of anti-(Bcl-2/Bcl-wL ) to pro-(Bax) apoptotic proteins. These are however not fixed or invariant features of developmental stage as they can be modulated by interactions via adhesive interactions with stromal cells, stromal proteins and growth factors. We interpret these data in the context of the stringent developmental regulation of clonal lymphopoiesis and the contingency programming of cells that have extensive proliferative potential with a very low threshold for apoptosis following DNA damage.
Introduction
Lymphocytes have been recognized for decades as radiationsensitive cells (Anderson and Warner, 1976; Trowell, 1952) and, recently, radiation-induced programmed cell death or apoptosis has endorsed this finding (Sellins and Cohen, 1987) . Although apoptosis is probably a feature of all developmental pathways (Bowen and Lockshin, 1981; Raff, 1996; Williams et al, 1992) and many physiological responses, lymphocytes, along with a few other cell types (e.g., germ cells), appear to have a very low threshold for apoptosis which is linked to their radiation sensitivity. The functional or developmental logic behind this phenotype is likely to involve the unusual and stringent clonal selection events and cell loss via apoptosis which these cell populations undergo both in early differentiation and during immune responses (Osmond et al, 1994; . Signals that induce apoptosis via genotoxic damage such as double-strand breaks in DNA usually require the presence of functional p53 protein which initiates cell cycle (G 1 ) arrest and DNA repair or apoptosis (Donehower and Bradley, 1993; Kuerbitz et al, 1992) . How a damaged cell elects to enter a DNA repair pathway or to apoptose is unclear but the process is regulated by the stoichiometry of complexes composed of Bcl-2 and related proteins including Bax and Bcl-w . Bcl-2 and Bcl-wL (large variant) are antiapoptotic; Bax and Bcl-wS (small variant) are pro-apoptotic (Boise et al, 1993; Nun Ä ez et al, 1994; Sato et al, 1994; Yang and Korsmeyer, 1996) . These proteins appear to regulate the activation of proteases involved in the apoptotic death mechanisms (Boise and Thompson, 1996; Nicholson et al, 1995) . The vulnerability of lymphocytes and other cells to apoptotic signals can be dramatically altered by selective manipulation of the expression of these proteins, i.e., by transgenesis or transfection (Yang and Korsmeyer, 1996) . These properties suggest that Bcl-2 and related apoptosis modifying proteins will be subject to substantial regulation during development.
Lymphocytes are developmentally and functionally heterogeneous and sequential stages or subsets can be identified and manipulated in vitro (Ehlich et al, 1994; Faust et al, 1993; Hardy et al, 1991; Hayashi et al, 1990; Kee and Paige, 1995; Kincade, 1987) . Lymphocyte subsets defined by developmental markers are not all equally sensitive to radiation or other apoptotic insults. We reported that murine IL7-dependent B lymphocyte precursors (pre-B cells) are ultrasensitive to plutonium-238 alpha particles such that they die following exposure to a single track of a-particles (Griffiths et al, 1994b) . The calculated D o value with X-rays for these cells (*0.3 Gy) was also substantially less than that of other haemopoietic precursor cells (myeloid) or mature B cells (*1.2 Gy) (Griffiths et al, 1994a) . This suggests that at the mean lethal dose of X-rays for proliferating B cell precursors, around 10 double-stranded DNA breaks are sufficient to trigger apoptosis (c.f. Ward, 1988) . This response is p53-dependent; B cell precursors from p53 knockout mice are markedly radiation-resistant (Strasser et al, 1994; Griffiths et al, 1997) . Pre-B cells express very low levels of Bcl-2 protein and can be rendered considerably more resistant to irradiation (or etoposide/corticosteroid) induced cell death by expression of a bcl-2 transgene (Griffiths et al, 1994a; Strasser et al, 1994) . Other data suggested that the immediate precursors of pre-cells, called pro-B cells, expressed higher levels of Bcl-2 and were less sensitive to corticosteroid-induced apoptosis . However, the sensitivity of these very early B lineage cells to genotoxic damage and apoptosis is unknown.
These data suggested that sensitivity to radiation is a component of apoptotic programming of lymphocytes, that this is developmentally regulated during lymphopoiesis and that the Bcl-2 protein is able to modulate the sensitivity or threshold for apoptosis for p53-dependent (irradiation) or p53-independent (corticosteroid) apoptosis. Insight into the developmental regulation of responses to irradiation and other apoptotic signals has implications for the vulnerability of cells at different stages of differentiation to transformation via genotoxic damage and for the response of normal or malignant cells to genotoxic therapy. We have therefore sought to further define the developmental regulation of sensitivity to apoptosis induced by X-irradiation in the B cell lineage. Specifically, experiments are designed to investigate how apoptosis induced by genotoxic damage varies during murine B cell lymphopoiesis and whether this response shows a clear relationship with the relative levels or ratios of Bcl-2, Bax and Bcl-w proteins. Additionally, we have evaluated whether sensitivity at different stages of B cell differentiation can be modulated by adhesion or receptor signalling.
Results
B cell precursors belonging to sequential developmental stages, termed pro-B, pre-B1 and pre-B2, were cultured under selective conditions as described under Materials and Methods. Analysis of these populations with a panel of monoclonal antibodies and flow cytometry confirmed that they expressed the anticipated composite immunophenotypes appropriate for developmental stage. Representative flow cytometry profiles are given in Figure 1 and the overall data summarised in Table 1 . We next compared the sensitivities of these three precursor populations, as well as mature B cells, to genotoxic damage (ionizing radiation and etoposide/VP-16) and corticosteroid (dexamethasone). Previous data had shown that pre-B2 cells were ultra-sensitive to these insults and underwent apoptosis at very low levels of exposure (Griffiths et al, 1994a) . This was confirmed in the present experiments as shown in Figure 2 in which two outcomes of exposure were evaluated ± apoptosis (measured by flow cytometry) and loss of clonogenicity. These comparative tests show that stroma-associated pro-B and pre-B1 cells are less sensitive to apoptosis induced by all three insults than pre-B2 cells. The analysis of X-ray survival data for this and subsequent experiments is summarized in Table 2 . In clonogenic assays, the rank order of increasing sensitivity to all three insults was pre-B2 4 pre-B1 4 pro-B 4 mature B (spleen).
The sensitivity of pre-B2 cells to genotoxic damage and corticosteroid-induced apoptosis is known to be associated with low level expression of the anti-apoptotic protein Bcl-2 (Griffiths et al, 1994a) . It is now recognised that Bcl-2 protein is not itself an exclusive regulator of apoptosis but operates in concert with related members of a family of proteins; these exert pro-or anti-apoptotic functions, the outcome most probably depending upon the stoichiometry of complexes involving these different proteins. Key players Figure 1 Distinctive immunophenotypes of sequential B cell precursors. Flow cytometry (log plot) profiles of pro-B, pre-B1 and pre-B2 cells stained with four antibodies detecting the cell surface markers ± B220, BP1, c-kit, thy-1. Solid curve, antibody reactivity; open curve, control Ig in this respect are Bcl-2 (anti-apoptotic), Bcl-wL (antiapoptotic), Bcl-wS (pro-apoptotic) and Bax (pro-apoptotic). Pro-B, pre-B1, pre-B2 and mature B cells were therefore analyzed for expression of these proteins using two immunological approaches. First, by flow cytometry using the corresponding antibodies. This test revealed a variable level of expression between the cell types ( Figure 3 ). When the arbitrary values for mean levels of expression determined by intensity of fluorescence in flow cytometry ( Figure 4A ) were converted into a ratio of anti-to proapoptotic proteins, there is a striking difference in the cell types that is reciprocal in rank order to their sensitivity to apoptosis, i.e., pre-B2 cells have the lowest`protective' ratio, mature (splenic) B cells have the highest, the overall difference being around tenfold ( Figure 4B ). We confirmed this variation in protein expression by Western blot using the same antibodies ( Figure 4C ). Although not quantified, the relative levels of Bcl-2 and Bcl-w were as anticipated from the flow cytometry data. Note also that the Western blot data indicated that Bcl-w was exclusively the large or anti-apoptotic variant (Boise et al, 1993) .
These data suggest that there is a developmental programming of apoptosis sensitivity in B cell lymphopoiesis, that this is set at maximum sensitivity at the pre-B2 stage of differentiation when IgH gene rearrangement occurs (Hardy et al, 1991; Kee and Paige, 1995) and that a critical determinant of relative sensitivity is the variable ratio of pro-to anti-apoptotic proteins of the Bcl-2 family. These data do not reveal, however, whether the developmental differences observed are invariant and intrinsic to the sequential stage of differentiation of the cell or whether they are, at each stage, modulated by signals received from other cells. The superior survival of pro-B and pre-B1 over pre-B2 cells might, for example, be a reflection of signals received via stromal cell contacts that upregulate Bcl-2/Bcl-wL expression.
To evaluate this possibility, we tested whether providing pre-B2 cells with adhesive contacts decreased sensitivity to irradiation concomitant with modulation of Bcl-2 + Bcl-wL over Bax ratios. First, in order to test whether cellular adhesion itself in the absence of associated growth factors would decrease sensitivity of pre-B2 cells to apoptosis, we cultured these cells with matrigel ± a composite of stromal matrix proteins including fibronectin and collagen. In some experiments we also added an additional matrix proteoglycan to the matrigel ± hyaluronic acid (HA). The rationale here was that B cells have been shown previously to adhere to HA in stromal matrices via their cell surface CD44 (Miyake et al, 1990) . We confirmed that our pre-B2 cells all expressed the CD44 molecule including the epitope that appears to be topologically linked to HA binding (Lesley et al, 1992) ( Figure 5A ). Brief (1 ± 3 day) exposure of pre-B2 cells to matrigel with or without HA had no impact on their sensitivity to X-irradiation (data not shown). After 5 days, there was a small decrease in radiation sensitivity in cells that had adhered to matrigel ( Figure 5B ) but this rescue was more pronounced on matrigel plus HA and even more so when pre-B2 were allowed to remain in contact with matrigel plus HA during irradiation and for 2 h thereafter before plating in agar for clonogenic survival ( Figure 5B , Table 2 ). The decrease in sensitivity to Xirradiation provided by sustained adherence to matrigel plus HA was accompanied by upregulation of Bcl-2 and Bcl-wL proteins and an overall increase in the Bcl-2 plus Bcl-wL to Bax ratio ( Figure 5C ).
We next investigated whether IL7-dependent pre-B2 cells had an improved resistance to X-irradiation if allowed to make contact with viable bone marrow stromal cells which might provide not only adhesive contact sites but growth factors. The results ( Figure 6A ) indicate that pre-B2 cells in contact with stroma are still very radio-sensitive but less so than in the absence of stroma. The sensitivity of stroma-associated pre-B2 cells, as with matrigel plus HA associated pre-B2 cells, approaches that of their precursor pre-B1 cells ( Figure 6A , Table 2 ). Since this albeit modest increase in resistance appeared to be conferred rapidly by stroma, i.e., after 2 h of contact compared with the several days required for matrigel plus HA, we assayed levels of Bcl-2, Bcl-wL and Bax by flow cytometry and Western blotting. Binding to stroma induced a more than threefold increase in expression of Bcl-2 and a doubling of Bcl-wL levels. Bax levels were very marginally increased also ( Figure 6B ). Overall this provided a 2 ± 3-fold increase in the Bcl-2 plus Bcl-wL to Bax ratios ( Figure 6B ). This result was confirmed by Western blotting ( Figure 6C ). Following radiation (1 Gy) of pre-B2 cells, with or without stromal support, Bcl-2 levels declined, whereas Bcl-wL and Bax increased as previously reported (Kitada et al, 1996; Miyashita et al, 1994) . Post-radiation, Bcl-2 plus Bcl-wL over Bax ratios remained higher in pre-B2 cells in contact with stroma ( Figure 6B ). Reactivity of cells to monoclonal antibodies determined by¯ow cytometry (see Figure 1 for examples). m cyto, cytoplasmic staining for m heavy chain. SmIg, cell surface membrane associated immunoglobulin. 7, less than 5% cells reactive with corresponding antibody. +, 450% cells reactive. ++, 490% strongly reactive. s+, subset of cells (5 ± 30%) reactive with antibody. NT, not tested in this study but reported (for mature B cells) in other studies. (7/+) 7for CD43/mature B/spleen cells = resting cells unreactive but expression induced by activation (e.g. by LPS)
We conclude from these experiments that although B cell precursors appear to be intrinsically very sensitive to Xirradiation-induced apoptosis that this can be subject to modulation by stromal cell or stromal matrix contact and that, as with sequential stages of early B cell differentiation, variable sensitivity is closely associated with the ratio of anti-to pro-apoptosis regulating proteins, Bcl-2, Bcl-wL and Bax. 
Discussion
These data show that the sensitivity or threshold setting for the X-irradiation-induced apoptotic response during B cell lymphopoiesis varies between pro-B, pre-B1, pre-B2 and B cells and that there is a correlation between this sensitivity profile to three apoptotic stimuli (X-irradiation, etoposide and corticosteroid) with the relative ratios of pro-and antiapoptotic regulatory proteins of the Bcl-2 family, i.e., Bax versus Bcl-2 and Bcl-wL . Other data have suggested that in different cellular systems, the stoichiometry of Bcl-2 complexed with related proteins may critically influence whether cells die or are reprieved from a variety of apoptotic insults (reviewed in Yang and . As reported by others also (Grillot et al, 1995; Ma et al, 1995) , lymphocyte precursors express, predominantly, the large splice variant of Bcl-wL which, like Bcl-2, is anti-apoptotic rather than the smaller variant which is pro-apoptotic. All stages of B cell lymphopoiesis co-expressed Bcl-2, Bax and Bcl-wL but it was the variation in the levels of the anti-apoptosis proteins Bcl-2 and Bcl-wL that contributed most significantly to the differences in apoptosis sensitivity. For example, pro-B cells have higher Bcl-2/Bax and Bcl-wL /Bax ratios than pre-B cells. A similar sequence of events linking expression of these proteins with sensitivity to apoptosis probably occur during early T cell development within the thymus. Early T cell precursors (CD4
7

/CD8
7 ) equivalent to pro-B cells express Bcl-2 but this is down-regulated as they enter the CD4 + /CD8
+ stage of T cell receptor rearrangement and undergo clonal deletion by apoptosis (Gratiot-Deans et al, 1994; Veis et al, 1993) . A possible difference however appears to be that whereas we find both Bcl-2 and Bcl-wL are down-regulated in pre-B cells, it has been reported that equivalent pre-T, CD4 + /CD8 + thymocytes down-regulate Bcl-2 but not Bcl-wL (Grillot et al, 1995; Ma et al, 1995) . Other data also shows that Bcl-2 and Bcl-wL can be reciprocally regulated and have overlapping or redundant function (Grillot et al, 1996; Mueller et al, 1996) . Mature resting (out of cycle) splenic B cells have a high Bcl-2/ Bax ratio but low level Bcl-wL expression. When activated into cycle by LPS, Bcl-wL selectively increases (Grillot et al, 1996) in accord with our data (Figure 3) showing relatively high levels of Bcl-w protein in mature B cells stimulated by LPS. These data indicate that cell cycle or activation status is a significant regulator of apoptosis sensitivity independent of differentiation stage. Other recent studies also provide evidence of cross-talk or co-regulation of cell cycle progression and cell death involving Bcl-2 (Mazel et al, 1996; O'Reilly et al, 1996; Linette et al, 1996) . Although not investigated in our study, it is likely that the interaction of Bcl-2 with its partner proteins and its functional activity can also be regulated by phosphorylation (Haldar et al, 1995) . Recent studies also indicate that in addition to Bcl-2, Bcl-w and Bax, several other related proteins including Bad, Bak and others may regulate apoptosis (Gajewski and Thompson, 1996; Vaux and Strasser, 1996) . Differential expression of these proteins in B cell development might also be relevant to the variable sensitivity to apoptosis that we observe. This has not been assessed but any variability might be expected, from our results, to be co-ordinate with Bcl-2/Bcl-w to Bax ratios. Developmental regulation in vivo involves not only growth factor receptor stimulation but adhesive interactions with tissue stromal cells and stroma-associated matrix proteins. In haemopoietic and other systems, such stromal matrices may present bound growth factors (Gordon et al, 1987) and rescue cells from apoptosis (Manabe et al, 1992; Ruoslahti and Reed, 1994) . Extracellular matrix protects endothelial cells from radiation injury (Fuks et al, 1992) . We show here that the extreme vulnerability of pre-B cells to ) ). The D 37 doses have been evaluated from these ®ts as the dose giving a surviving fraction of 37% Figure 3 Flow cytometric analysis of Bcl-2, Bcl-w and Bax cytoplasmic proteins in B lineage cells at sequential stages of differentiation. FACScan profile: vertical (linear) axis ± relative cell number; horizontal (log) axis ± relative fluorescence intensity. Solid distribution ± specific antibody; open distribution ± control (isotype matched) immunoglobulin apoptosis can also be decreased, though not reversed, in vitro by adhesive interactions that mimic those observed in vivo (Osmond et al, 1994) . Thus pre-B2 cells bound to matrigel plus hyaluronic acid selectively upregulate Bcl-2 and Bcl-wL and become less radiation-sensitive, approximating to that of bone marrow stroma-associated pre-B1 cells. Matrix-associated hyaluronic acid is recognised by lymphoid cell surface CD44 as an adhesion ligand and inhibition of this interaction blocks B cell lymphopoiesis (Miyake et al, 1990) . Conversely, pro-B cells down-regulate Bcl-2 (and upregulate Bax) when removed from stromal cultures (Gibson et al, 1996) . The former result suggests that adhesion itself can generate a signal upregulating Bcl-2 and Bcl-wL . Modulation on matrigel-HA takes several days but a similar shift of sensitivity to radiation and in Bcl2+Bcl-wL to Bax ratio can be induced within 2 h by plating IL7-dependent pre-B cells on viable stromal cells. Note however that in more general terms, stroma-dependent pro-B and pre-B cells bound to matrigel are still radiationsensitive cells. The modest protection afforded by hyaluronic acid bound to matrigel or viable stromal cells cannot be substituted by stromal cell supernatants or IL3 (KN, unpublished results). We assume therefore that stromal adhesive contacts and stroma derived and bound growth factors may be important. Other data suggest that stroma-associated growth factors including kit ligand (stem cell factor) are probably important regulators of B cell precursor survival (Billips et al, 1992; .
This response of B cell precursors (and T) to radiation is p53-dependent (Strasser et al, 1994; Griffiths et al, 1997) and is mirrored by sensitivity to genotoxic drugs such as etoposide. There is evidence that these cells do not incur more DNA strand breaks per Gy of irradiation than other cell types and that they are capable of at least gross double-strand break repair as indicated in the comet DNA electrophoresis assay (Griffiths et al, 1997) . These cells are also exquisitely sensitive to a p53-independent apoptosis pathway induced by corticosteroid. The unusual feature of these cells is therefore their predisposition to follow the apoptosis response rather than sensitivity for induction of initial molecular damage by ionizing radiation.
Although the level of sensitivity varies, it is maximal at the pre-B stage of development when these cells are undergoing immunoglobulin gene rearrangement. There are sound developmental reasons why such a contingency plan should be developmentally programmed into lymphopoiesis. First, that clones of B (and T) cell precursors with either aberrantly rearranged (e.g., out of frame) or high affinity self-reactive immunoglobulin (or T cell) receptors need to be eliminated. Second, that the dynamics of lymphopoiesis and clonal selection also operates in large measure by the provision or denial of a reprieve from cell death, i.e., precursor cells are programmed with a major default pathway of apoptosis and can only survive and differentiate further if rescued with an appropriate physiological signal which is contingent upon a functional IgH gene rearrangement . In vivo analysis and kinetic studies testify to the substantial cell loss by apoptosis in normal B cell lymphopoiesis in vivo (Osmond et al, 1994) . Passage through this developmental graveyard is associated with upregulation of Bcl-2 levels following successful IgH gene rearrangement and is greatly reduced in mice rendered homozygous null for Bcl-2 (Cory, 1995; Matsuzaki et al, 1997) . In these respects, lymphocyte precursors are not however unique. The germinal centre stage of mature B cell expansion and IgH gene hypermutation during the immune response is another developmental stage of apoptotic sensitivity and stringent clonal selection. This is also tightly associated with regulation of Bcl-2 (Liu et al, 1991) .
In a more general biological sense, precursor cells are produced in excess in many, if not most, lineages during development, e.g., oligodendrocytes (Barres et al, 1992) and the majority are lost, probably by apoptosis default, in the absence of rescue by the appropriate developmental cue or cellular partnership (Ellis et al, 1991; Raff, 1996) . However, in these situations radiation sensitivity has not, as far as we know, been systematically analyzed; it could be similar to that of lymphocyte precursors.
There is an additional reason why B and T cell precursors and certain other cells should be programmed with a high sensitivity for apoptosis. Lymphocytes are very unusual in being long lived with extensive self-renewal or proliferative capacity. They are therefore doubly vulnerable to malignant transformation that might follow from exposure to genotoxic damage ± during the IgH gene recombination process which involves DNA double stranded break repair and, as mature proliferating cells. Such vulnerability requires protection to minimise risk and this is provided by a dominance of p53-induced apoptosis over attempted repair, i.e., the prudent rule is ± if damaged, then die. Few other cell types in the adult body incur similar life time risks. Germ cells are similar in that they undergo DNA recombination processes and generate a potentially immortal proliferative lineage. Interestingly at a post-spermatogonial or transit stage that might be considered developmentally similar to pre-B cells, germ cells express p53, have a high rate of spontaneous apoptosis (Blanco-Rodrõ Âguez and Martõ Ânez-Garcõ Âa, 1996) and are extremely sensitive to irradiation-induced cell death (Judas et al, 1996) . Early embryo cells are alsò at risk' in these respects as sustained or unrepaired genetic damage might result in mutant offspring. It is interesting therefore that, as with lymphocyte precursors, expression or rapid induction of p53 following irradiation is associated with apoptosis and foetal loss (Komarova et al, 1997; Norimura et al, 1996) . These three situations, lymphopoiesis, spermatogenesis and early embryo cells, therefore share a developmental propensity to p53-dependent apoptosis as altruistic suicide. It is likely that efficient execution of the cell death pathway in all of these situations is contingent upon low level Bcl-2/Bcl-w over Bax ratios as shown here for B cell lymphopoiesis.
Despite being equipped with suicidal protection against genotoxic damage that might otherwise lead to malignant transformation, lymphocyte precursors and germ cells can become leukemic (acute lymphoblastic) or cancerous (testicular carcinoma). Transformation is associated with acquired chromosome alterations that must include DNA breaks (Rabbitts, 1994) but might be expected from our data to occur in the absence of gross genotoxic damage. Irrespective of the aetiological mechanism involved, it is striking that acute lymphoblastic leukemia and testicular cancer, even when widely disseminated, are often very sensitive to genotoxic therapy (irradiation and chemotherapy) and curable. We have speculated that this clinical success is contingent upon the intrinsic programming of these cell types with a high sensitivity for apoptosis (Greaves, 1993) . Interestingly, the striking exception to this ± Philadelphia chromosome positive acute lymphoblasa b c Figure 5 Adhesion to matrigel plus hyaluronic acid increases resistance of pre-B2 cells to X-irradiation and modulates Bcl-2/Bcl-wL levels. (A) Pre-B2 cells express CD44, the`receptor' for matrix associated hyaluronic acid. Antibody binding evaluated by flow cytometry. Monoclonal antibody specific for CD44-IM7. Monoclonal antibody KM201 binds to a CD44 epitope close to the hyaluronic acid recognition site (Lesley et al, 1992) . Vertical axis = number of cells; horizontal axis = fluorescence intensity. Shaded profile=CD44 antibody, open profile = control, Ig class matched. (B) Pre-B2 cells were cultured on matrigel (MA) with or without hyaluronic acid (HA) for 5 days and removed from the matrigel, X-irradiated and immediately plated in agar with IL7 for clonogenicity evaluation. In samples labelled # cells were irradiated whilst still attached to matrigel plus HA and were plated for clonogenic assay after a further 2 h. (C) Relative levels of Bcl-2, Bcl-wL and Bax proteins as determined by flow cytometry. Left side: vertical axis, antibody reactivity by flow cytometry, median fluorescence channel numbers, i.e., average cellular intensity of staining. Right side: ratio of Bcl-2 plus Bcl-wL over Bax. Data from one of three experiments is shown tic leukemia, involves a novel gene fusion product, BCR-ABL kinase that effectively blocks the apoptotic response to X-irradiation and genotoxic damage (Bedi et al, 1995; Nishii et al, 1996) .
Materials and Methods
Suspension culture of pro-B, pre-B1, pre-B2 cells and mature B cells
Femoral bone marrow (BM) was obtained from 6 ± 10 week old BALB/ c mice. BM cells (2610 6 cells/ml) were cultured for 4 weeks at 378C plus 7% CO 2 in RPMI 1640 medium supplemented with 10% FCS and 50 mM 2-ME, as described by Whitlock and Witte, (1982) . Cultures were fed weekly with an equal volume of fresh medium. After 4 weeks, non-adherent cells were incubated on petri dishes twice to remove adherent cells for 1 h. Selective culture systems were then used to enumerate three sequential stages of early B lineage development ± pro-B, pre-B1 and pre-B2, as previously described (Faust et al, 1993; Hardy et al, 1991) . Subsequent culture was as follows: for pro-B, non-adherent cells were cultured with the bone marrow stromal cell line, S17 (Collins and Dorshkind, 1987) for 2 weeks; for pre-B1, non-adherent cells were cultured with S-17 cells and IL7 (50 U/ml), and for pre-B2 cells, non-adherent cells were cultured with IL7 (800 U/ml) for 2 weeks. Then these non-adherent cells were used. Mature B cells from spleen were cultured with LPS (25 mg/ml; Difco Lab Inc, Detroit, MI) for 5 days and subsequently used for clonogenic assays, antibody staining and flow cytometry or Western blotting.
Immuno¯uorescent staining
Cells were analyzed for expression of cell surface determinants using monoclonal antibodies against c-kit (FITC anti-mouse; Pharmingen), B220 (PE anti-mouse; Pharmingen), BP-1, CD19, HSA, CD44 (KM201/anti-Pgp1, hybridoma cells from the American Type Culture Collection; IM7.8.1 antibody from Sigma Immunochemicals. Both antibodies are rat IgG1 anti-mouse CD44 reagents), FITC anti-mouse; Pharmingen), CD43 (FITC anti-mouse; Pharmingen), CD25a (FITC anti-mouse; Pharmingen), Thy-1 (anti-mouse; Sera-Lab, Sussex, UK) and Mac-1 (FITC anti-mouse; Pharmingen). For Bcl-2, Bcl-w and Bax staining, the cells (1610 6 ) were fixed in 70% ethanol/PBS, washed with 1% BSA/PBS three times and incubated with first antigen (Bcl-2; N-19; Santa Cruz Biotechnology Inc, California; or hamster antibody 3F11, Pharmingen, UK), (Bcl-w ; M-125, Santa Cruz Biotechnology Inc, California, or a mouse monoclonal antibody 2A1, a gift from Dr C B Thompson; (Ma et al, 1995) ), Bax; rabbit antibody, a gift from Dr J Reed) for 30 min on ice. After washing with 1% BSA/PBS, cells were incubated with FITC-labelled goat anti-mouse immunoglobulin (Ig), FITC-labelled rabbit anti-hamster Ig or FITC-labelled goat anti-rabbit Ig (Southern Biotechnology Associates Inc) for 30 min on ice, and analyzed by FACScan (Becton Dickinson, California, USA).
Analysis of apoptosis
Cells were exposed to X-ray (0.5 ± 4 Gy), dexamethasone (0.0001 ± 1.0 uM), etoposide (0.0001 ± 1.0 ug/ml) for up to 24 h. The X-ray source (Pantak Ltd, Reading, UK) was set to 240 kV and 10 mA. The dose rate was 0.95 ± 1.0 Gy/min. After culture, cells were fixed in 500 ul of 70% ethanol (7208C) and resuspended in 1.0 ml of phosphate-buffer saline containing propidium iodode (40 ug/ml) and RNAse (100 ug/ml). The cell suspension was incubated at 378C for 30 min and cell cycle analysis was performed using FACScan, where the apoptotic cell fraction was detected in the red fluorescent sub-G 1 peak.
Clonogenic assays
Cell suspension from pro-B and pre-B1 cells were treated with several concentrations of drug or X-ray, and each 2610 3 cells were plated on a semi-confluent layer of X-irradiated (30 Gy) S-17 cells in 24 well flat- bottom plates with each medium. After 7 days, the colonies (420 cells) were counted. Suspensions of pre-B2 and mature B cells were X-irradiated and then 5610 5 cells were plated in 0.3% agar with either IL7 (800 U/ml) ± for pre-B2, or LPS (25 ug/ml) ± for mature B cells. Clonogenic survival was measured after 7 days. Pre-B2 and mature B cells were similarly cultured in the continuous presence of varying concentrations of drugs (etoposide/VP-16 and dexamethasone).
Analysis of X-ray survival data
Each set of X-ray survival data was fitted by the method of maximum likelihood to a linear-quadratic exponential survival curve (S=exp-(aD + bD 2 )), on the assumption of a Poisson distribution of surviving colonies between replicate plates. In all but two cases (Exp. 1 Spleen B and Exp. 3 MT (5 h)) there was no significant evidence of deviation from linearity (i.e., b=0), so linear exponential fits were also made. Using the linear-quadratic fits throughout as the more conservative option, in each experiment the survival curves were compared to one another, ranked in order of increasing radiosensitivity and tested for significance of difference. Doses for 37% survival (D 37 ) were calculated in each case.
Cultures with matrigel
Pre-B2 cells were cultured with Matrigel (growth factor reduced matrigel matrix, Becton Dickinson Labware, MA) plus IL7 with or without hyaluronic acid (100 mg/ml; Sigma) in 24 well plates for 5 days. The cells were removed from Matrigel and irradiated (0 ± 2 Gy) and cultured in 0.3% agar for 7 days with IL7 (800 U/ml). Alternatively, after being cultured for 5 days, cells were irradiated (0 ± 2 Gy) whilst still in contact with matrigel and cultured for a further 5 h. The cells were then removed from matrigel and cultured in agar for 7 days with IL7 (800 U/ ml). Colonies (420 cells) were enumerated and clonogenic survival calculated.
Expression of the apoptosis regulating proteins
Total cell lysates were prepared as described previously (Nishii et al, 1996) . For each sample, 1610 6 cells were lysed in buffer containing 0.5% Triton X100 and protease inhibitors. Protein samples where then subjected to 15% SDS ± PAGE, transferred to Immobilon-P membrane (Millipore) and probed with anti-mouse Bcl-2 or Bcl-w antibody (as above). Appropriate second antibodies conjugated with horseradish peroxidase were used and immune complexes were developed by ECL solution (Amersham). Parity of protein loading was checked by prior staining of membranes with the reversible protein detection kit (Sigma).
